We present a study of the elliptic flow and R A A of D andD mesons in Au+Au collisions at FAIR energies. We propagate the charm quarks and the D mesons following a previously applied Langevin dynamics. The evolution of the background medium is modeled in two different ways: (I) we use the UrQMD hydrodynamics + Boltzmann transport hybrid approach including a phase transition to QGP and (II) with the coarse-graining approach employing also an equation of state with QGP. The latter approach has previously been used to describe di-lepton data at various energies very successfully. This comparison allows us to explore the effects of partial thermalization and viscous effects on the charm propagation. We explore the centrality dependencies of the collisions, the variation of the decoupling temperature and various hadronization parameters. We find that the initial partonic phase is responsible for the creation of most of the D/D mesons elliptic flow and that the subsequent hadronic interactions seem to play only a minor role. This indicates that D/D mesons elliptic flow is a smoking gun for a partonic phase at FAIR energies. However, the results suggest that the magnitude and the details of the elliptic flow strongly depend on the dynamics of the medium and on the hadronization procedure, which is related to the medium properties as well. Therefore, even at FAIR energies the charm quark might constitute a very useful tool to probe the quark-gluon plasma and investigate its physics.
Introduction
Heavy quarks represent an excellent method to probe the hot and dense medium which is supposed to form in heavy ion a e-mail: gabriele.g.inghirami@jyu.fi collisions [1] . Their mass M HF is much larger than QCD and T QGP , therefore we can use perturbative QCD (pQCD) [2] to model their production as a hard process [3] which happens mostly during the initial collision processes and almost negligibly by thermal production, except at early times at LHC energies [4] . Once formed, since the strong interaction conserves the flavour quantum number, the heavy quarks maintain their identity until the hadrons they form decay by weak (or in the case of the J/ by electro-magnetic) interaction. Moreover, since the energy loss in the medium due to multiple scattering and induced gluon bremsstrahlung depends on the mass of the propagating particle [5] [6] [7] , heavy quarks are less affected than light quarks by the interactions with the medium and they convey information about the whole system evolution. At high transverse momenta the interest is oriented toward studying the opacity of the medium through the particle suppression in the high p T range, as observed in the experimental nuclear modification factor [8, 9] . In the low-p T range the focus is on in-medium hadronization and thermalization [10] , reached by charm quarks at LHC energies, as theoretical considerations suggest [11] [12] [13] and as the observed experimental elliptic flow proves [14] . Numerical simulations, which are an essential tool to connect theory with experiments, are continuously improved to provide a consistent, realistic description of the heavy-quark propagation [15] , adopting many different approaches [16] [17] [18] [19] and investigating also small systems [20] .
In this paper we study the elliptic flow and the R A A 1 of D andD mesons in Au+Au collisions at √ s N N 7 GeV, a collision energy in the range of the upcoming FAIR facility [21] , but also available at RHIC, within the Beam Energy scan program [22] , and at NICA [23] . We adopt a Langevin propagation model, implicitly assuming that the heavy quark momentum transfer is much smaller than for the light partons, an approximation that at low collision energies should work reasonably well, while at RHIC and LHC energies it is really consistent only for bottom quarks [24] . After a brief introduction to the bulk evolution models that we use, i.e. the UrQMD hybrid model [25] [26] [27] and the coarse graining approach [28] , we shortly review the formalism of the relativistic Langevin propagation, then we provide a basic overview of how we compute the transport coefficients, both for charm quarks and D mesons. After showing and commenting the results of the simulations, we discuss how we might improve them.
Models of the medium bulk evolution

The UrQMD hybrid model
The primary bulk evolution of the medium is simulated using the hydrodynamics + Boltzmann setup the UrQMD hybrid model [25] [26] [27] , adopting fluctuating initial conditions [29] . In the initial stage, UrQMD follows the elastic and inelastic collisions between nucleons, including colorflux-tube excitation and fragmentation processes. The hydrodynamical phase starts when the two Lorentz contracted nuclei have completely passed through each other, at t = (2R)/( γ 2 CM − 1), where R is the radius of the two nuclei and γ CM is their Lorentz γ factor in the center of mass frame [30] . The initial momentum, energy and baryon density distributions are created by summing the individual particle distributions, assumed to be three-dimensional Gaussians, like, e.g. for the energy density [31, 32] :
where E p and x p , y p , z p are the energy and the coordinates of the particle in the computational frame, σ is the width of the Gaussian (by default, 1 fm) and γ z is the Lorentz γ factor to take into account the Lorentz contraction in the beam direction. UrQMD computes the fluid evolution by solving the differential equations which describe the conservation of total energy and net-baryon number, i.e.,
where T μν is the energy-momentum tensor and N μ the baryon four-current. The hydro evolution is based on the SHASTA (SHarp And Smooth Transport Algorithm) algorithm [33, 34] ; it exploits the chiral equation of state (EoS) [35] and assumes local thermal equilibrium, i.e. it does not take into account dissipative effects [36] [37] [38] [39] [40] . The hydrodynamical simulation is stopped when the maximum of the energy density on the grid becomes smaller than a certain value chosen for particlization. In the present work, we stopped the simulations at this point. Nevertheless in the full UrQMD hybrid model a rather advanced method to determine the freeze-out hypersurface is employed [41] and the energy density distribution is converted back to particles [42] through the Cooper-Frye [43] equation. Afterwards, the hadrons continue to scatter and strongly decay until no more interactions take place. To partially take into account this hadronic phase, we adopted a freeze-out temperature slightly below the standard value.
The UrQMD coarse-graining approach
The hybrid model uses a microscopic description only for the very initial collisions and the final state interactions after the hydrodynamic phase, but it is also possible to extract macroscopic quantities from an underlying microscopic simulation during the whole collision evolution, as realized within the coarse-graining approach. It was first proposed in ref. [44] and has proven to account for the reaction dynamics and the production of electromagnetic probes successfully from SIS 18 to LHC energies [28, [45] [46] [47] [48] . In this approach an ensemble of collision events simulated with a transport model (here: UrQMD in cascade mode) is put on a grid of small space-time cells. By averaging over a sufficient number of events the hadronic distribution function f (x, p, t) obtains a smooth form as
where the angle brackets denote the ensemble average. It is then possible to extract the energy momentum tensor and the baryon current locally in space and time, i.e. for each cell of the grid. These quantities are given by the relations
Here V denotes the cell volume and the sums are taken over the numbers of all hadrons N h or (anti-)baryons N B/B , respectively. In addition to the three components of the fluid velocity (using Eckart's frame definition [49] ) from j μ in Eq. (5), the energy and the baryon densities in the cells can be obtained from the local rest-frame (LRF) values as
Finally, by applying an EoS the local temperature T and baryon chemical potential μ B are calculated from the energy density and the baryon density. For the present study a hadron gas EoS [50] with the same degrees of freedom as in the UrQMD transport model is applied, providing consistency with the underlying microscopic description which is purely hadronic. However, note that this may no longer be a fully valid picture, if the temperature in the fireball exceeds the critical temperature T c , for which a phase transition to a quark-gluon plasma is expected. But because the maximum temperatures in collisions at FAIR energies are not found to be significantly above T c , the differences compared to a full treatment of the phase transition by using an EoS [51, 52] fitted to lattice QCD results in the limit of μ B = 0 are rather small (see comparison in Ref. [28] ). The determination of thermodynamic quantities for each cell via the coarse-graining approach requires -as in all macroscopic descriptions -the assumption of kinetic (and chemical) equilibrium, but in the underlying microscopic transport model these conditions are not always completely fulfilled. Therefore, deviations from the equilibrium state need to be considered. For the present case, the most relevant non-equilibrium effect shows up in the form of kinetic anisotropies, especially in the very early stages of the collision, due to the strong compression of the nuclei in longitudinal direction. Here, this non-equilibrium effect is eliminated by calculating the "effective", i.e. thermalized, energy density using the framework given in Ref. [53] . For the sake of clarity, we stress that the UrQMD/coarsegraining approach allows the computation of the same physical quantities as in the UrQMD/hydro model, namely the three components of the fluid velocity, the energy density, the baryon density and, by introducing an EoS, also the temperature and the baryon chemical potential. Therefore the data coming from the UrQMD/coarse-graining approach can be used as a replacement of the UrQMD/hybrid-approach, providing an alternative description of the evolution of the medium based on transport models. However, there is an important difference in the utilization of the two approaches: while in the UrQMD/hybrid model we can perform the propagation of the heavy quarks and the computation of the medium dynamics at the same time, in the UrQMD/coarse-graining model the dynamical evolution of the background medium is calculated in advance by averaging many events and saved in a file, containing the fluid evolution data at fixed intervals of time. This means that, in the UrQMD/coarse-graining approach, the background medium evolution remains the same for all events in a certain centrality class. Nevertheless, we still have fluctuations in the final results due to the different initial positions and momenta of the heavy quarks, which vary event by event, and to their stochastic equations of motion. In a previous work [54] we found that the nuclear modification factor and the elliptic flow of D mesons seem to not change appreciably if, instead of averaging the final results of many events, we average the medium evolution, provided that the numerical sample of particles is the same and in the limit of the approximations adopted in our model, described in Sect. 5. Therefore, we consider our approach reasonable. For the present study, to compute the background medium evolution, we averaged 1.44 · 10 5 events for reactions with impact parameter b = 3 fm and 2.64 · 10 5 events for reactions with b = 7 fm.
The relativistic Langevin propagation of the charm quarks
Since the mass of the charm quarks is much larger than the mass of up, down and even strange quarks and since it is also much larger than the typical temperatures of the system, it is reasonable to assume that each collision with other particles will change the momenta of the charm quarks only by a small amount. Under these conditions, the Boltzmann equation can be approximated by a Fokker-Planck equation, which, in turn, can be recasted as an equivalent stochastic Langevin equation [10, 11, [55] [56] [57] [58] [59] [60] . When dealing with relativistic speeds, we can formulate the Langevin process as:
In Eq. (8) E = m 2 + p 2 , dt is the advancement time step, dx j and d p j are the variations of coordinates and momentum in each time-step, the ρ k are random variables distributed according to a normalized Gaussian distribution, and C jk are the drag or friction coefficient and the covariance matrix of the fluctuating force respectively, both defined in the local rest frame of the fluid and depending on (t, x, p). These parameters of the Langevin process in Eq. (8) are related to the drag and diffusion coefficients A, B 0 and B 1 for an isotropic medium by
with
It is known that, modeling the medium in global thermal equilibrium, i.e. in a homogeneous static background medium, the stationary equilibrium limit should be a Boltzmann-Jüttner distribution,
Therefore it is possible to tune the drag coefficient in Eq. (10) by choosing the longitudinal diffusion coefficient B 1 such as to satisfy this asymptotic equilibration condition [61] , leading to dissipation-fluctuation relations between this diffusion coefficient and the drag coefficient [11, 62] . Essentially, if the dissipation-fluctuation relation,
is fulfilled, Eq. (12) 
so that, after is computed from underlying microscopic models for heavy-quark scattering with light quarks and gluons introduced in the next section, the longitudinal diffusion coefficient B 1 is given by
We remind that in the derivation of the Langevin process we assumed to be in the rest frame of the background medium, therefore, when this procedure is applied in a dynamically evolving medium, it is necessary to first perform a boost to the comoving frame of the medium and then, after performing the Langevin propagation, to perform another boost back to the computational frame.
Drag and diffusion coefficients
Drag and diffusion coefficients for charm quarks
In this work the drag and diffusion coefficients to perform the Langevin propagation of charm quarks are obtained from a resonance model, in which the existence of D mesons in the QGP phase is assumed. The resonance model is based on heavy-quark effective theory (HQET) and chiral symmetry in the light-quark sector [57] . In this model we assume the existence of open-heavy-flavor meson resonances like the D mesons, an assumption supported by the finding in lattice-QCD calculations that hadron-like bound states and/or resonances might survive the phase transition in both the lightquark sector (e.g., ρ mesons) and heavy quarkonia (e.g., J/ψ) (Figs. 1, 2) . The heavy-light quark resonance model [57] is based on the Lagrangian:
where v is the heavy-quark four-velocity. The free part of the Lagrangian is given by
in which and * 0 are pseudo-scalar and scalar meson fields (corresponding to D and D * 0 mesons). Because of the chiral symmetry restoration in the QGP phase, the existence of mass degenerate chiral-partner states is also assumed. Further from heavy-quark effective symmetry it is expected to have spin independence for both the coupling constants, G S = G V , and the masses, m S = m V . For the strange-quark states we consider only the vector and pseudo-scalar states (D * s and D s , respectively).
The D-meson propagators are dressed with the corresponding one-loop self energy. Assuming charm-quark masses of m c = 1.5 GeV, we adjust the masses of the physical D-meson-like resonances to m D = 2 GeV, in approximate agreement with the T -matrix models of heavy-light quark interactions in [64, 65] . The strong-coupling constant is chosen as α s = g 2 /(4π) = 0.4, such as to obtain resonance widths of D = 0.75 GeV.
We use these propagators to compute the elastic Qq-and Qq-scattering matrix elements, which are then used in Eqs. (18) and (20) resonance provide a large efficiency for heavy-quark diffusion compared to the pQCD cross sections for the same elastic scattering processes, resulting in charm-quark equilibration times τ c eq = 2 − 10 fm/c. The relation of elastic heavy-quark-scattering matrix elements with the drag and diffusion coefficients in the Langevin approach is given by integrals of the form
where the invariant scattering-matrix elements are
In Eq. (18) the integrations run over the three momenta of the incoming light quark or gluon and the momenta of the outgoing particles. The sum over the matrix element is taken over the spin and color degrees of freedom of both the incoming and outgoing particles; γ Q = 6 is the corresponding spincolor degeneracy factor for the incoming heavy quark, and f q,g stands for the Boltzmann distribution function for the incoming light quark or gluon. When adopting this notation, the drag and diffusion coefficients are given by
We also include the leading-order perturbative QCD cross sections for elastic gluon heavy-quark scattering [66] , including a Debye screening mass m Dg = gT in the gluon propagators, thus controlling the t-channel singularities in the matrix elements.
Drag and diffusion coefficients for D-mesons
To Below the hadronization temperature the D andD mesons interact with the hadrons that compose the thermal bath. We assume that the main contribution to the drag force and diffusion coefficients is due to their scattering with the most abundant hadronic species. For the microscopic calculation of transport coefficients we consider the set of pseudoscalar light mesons π , K,K, η and the baryons N,N, ,¯ .
A detailed presentation of the effective Lagrangian for heavy mesons and transport coefficients is described in Refs. [67] [68] [69] [70] . Here we only review the basic aspects of the methodology. We split the discussion between the interaction of D mesons with lighter mesons, and with baryons. The two sectors have in common that the effective Lagrangian follows from the principles of chiral and heavy-quark spin symmetry (HQSS), and the final scattering matrix elements satisfy exact unitarity constraints. Unitarity is assured by the implementation of a unitarization procedure to the perturbative scattering amplitudes obtained from the effective theory.
Interaction with light mesons
The effective Lagrangian describing D mesons and the light pseudoscalar mesons is described in Refs. [67, 69] 
(and references therein). The D meson is incorporated within a
is also introduced in accordance to HQSS. The set of SU (3) f (pseudo-)Goldstone bosons is introduced via the exponential repre-
, where the matrix
and f is the pion decay constant in the chiral limit. The leading-order (LO) Lagrangian is fixed by chiral symmetry and HQSS. It incorporates the standard LO chiral perturbation theory for the Goldstone bosons, and
where m D is the tree-level heavy-meson mass, the bracket denotes trace in flavor space, and
are the auxiliary axial vector field, and the covariant derivative, respectively. The coupling g connects heavy and light mesons and can be fixed such that the decay width of the process D * → D + π is reproduced. The Lagrangian is further expanded up to next-to-leading order (NLO) in chiral counting. This order (not reproduced here) is needed to account for the light-meson masses and additional interactions between heavy and light sectors. The expression of the perturbative potential at NLO is
where i, j denote the incoming and outgoing scattering channels (1, 2 → 3, 4), C n,i j are numerical coefficients depending on the isospin, spin, strangeness and charm quantum numbers, and h n are the low-energy coefficients, appearing at NLO and not fixed by symmetry arguments alone, but by matching physical observables to experimental data [67] . Equation (25) provides the NLO scattering amplitudes for meson-meson (elastic and inelastic) scattering. The interactions ofD mesons are obtained by appropriate charge conjugations.
To increase the validity to moderate energies we impose exact unitarity on these amplitudes. This is achieved by the solution of the Bethe-Salpeter equation, or T -matrix approach similar to the one used for the partonic case. We use V as the kernel for the T −matrix equation, in a full coupledchannel basis. The integral equation is simplified within the "on-shell" approximation [67] and transformed into an algebraic equation T = V + VGT , which is readily solved by
whereG is the so-called loop function (integral over the internal momentum of the two-particle propagator). In addition to the exact unitarity satisfied by T , the unitarization method produces a set of resonance and bound states in some of the scattering channels, appearing as poles in the complex-energy plane of T . The identification of these poles with experimental states, helps us to fix the unknown parameters of the effective approach (low-energy constants and the regularization parameters ofG). In particular, we obtain the 
Interaction with baryons
The interaction of D mesons with baryons follows a parallel methodology using an effective Lagrangian based on chiral and HQSS symmetries. In this case the formalism is taken from Refs. [70] [71] [72] [73] [74] . The Lagrangian is considered at LO in chiral expansion, and is further reduced to a WeinbergTomozawa interaction when the Goldstone bosons participate in the interaction. Then, the SU(3) f chiral symmetry is enlarged to SU(6) symmetry (spin times flavor). From the degrees of freedom introduced in the effective description, we focus on those involved in the interaction of the D meson with N ,N , and¯ baryons.
The tree-level meson-baryon scattering amplitudes have the structure
where M i , E i and f i denote respectively the baryon mass, C.M. energy, and the meson decay constant participating in the i channel. The D i j are numerical coefficients depending on the quantum numbers of the scattering channel.
As in the meson sector, these amplitudes are used as kernels in a coupled-channel T -matrix approach. It is again solved in the "on-shell" approximation to obtain the solution given of Eq. (26), which satisfies exact unitarity. A large set of resonant and bound states are dynamically generated by the unitarization procedure. The most prominent ones being the c (2595) in the (I, J P ) = (0, 1/2 − ) channel and the
Once the scattering amplitudes are fixed, the D-meson transport coefficients are computed -like in the partonic case -within the Fokker-Planck approximation. The drag force and the diffusion coefficients are calculated using the same equations as in (18, 20) , but implementing quantum statistics instead. Pertinent isospin-spin degeneracy factors are used for each degree of freedom.
The dependence of the transport coefficients on the chemical potential has been addressed in Ref. [69] . To an excellent approximation the fugacity (z = e μ B /T ) factorizes out of the expression of the meson-baryon transport coefficients (and z −1 factorizes out for the antibaryon case). In this respect, the transport coefficients of the D meson can be constructed by a linear combination of the transport coefficients of mesons, baryon and antibaryon at μ B = 0, with respective coefficients 1, z, z −1 (for theD meson, baryon and antibaryon coefficients should be reversed).
In Fig. 4 we show the transport coefficients for the D mesons interacting with baryons (alternatively,D with antibaryons). Due to the Boltzmann suppression of baryons, the transport coefficients are considerably suppressed with respect to those for mesons.
In Fig. 5 we present a similar plot of the coefficients for thē D mesons interacting with baryons (equivalently, D mesons with antibaryons). Let us note that for the rather different cross sections as compared to the previous case, the transport coefficients are very similar. The reason is that the transport coefficients are not very sensitive to the details of the scattering amplitude (resonance peaks, channel openings...), but only to the thermal average of it, which is similar in both cases. However, we note that the D-meson-baryon interaction is stronger, with more resonances contributing to the total cross section. This is reflected in slightly larger coefficients.
Finally, in Figs. 6 and 7 we show the effect of the baryochemical potential. A sizable increase of the drag and diffusion coefficients is obtained for moderate values of the chemical potential, entirely due to the baryon and antibaryon contributions. For higher μ B this important increase of the coefficients produces a large energy loss and momentum diffusion of D mesons in dense matter. We use Pythia 8.2 [75, 76] to obtain a set of 10 6 charm-anticharm quark pairs by performing p+p collisions at E lab = 25 GeV, enabling the SoftQCD mode. 2 The initial charm and anti-charm distributions versus transverse momentum and rapidity are shown in Fig. 8 . Pythia is also used to compute the D/D mesons momentum distribution in p − p collisions, shown in Fig. 9 with respect to the transverse momentum (left) and rapidity (right). Here one observes (Fig. 9, right) that the different production channels pp → DD + X and pp →D c + X lead to different initial rapidity distributions for the charm and anti-charm channels.
After this preliminary step, we perform the Langevin propagation of the charm quarks in the background medium, first modeling it with the UrQMD hydrid model [27] and then with the UrQMD coarse-graining approach [28] .
To obtain the space-time points of the production of the charm quarks, we perform an UrQMD run with elastic zero degree scatterings between the colliding nuclei (Monte Carlo Glauber initial conditions), saving the space-time coordinates of the points where collisions between the nucleons happened. In the subsequent full UrQMD runs, for each event we distribute over these collision points around 140,000 c-c pairs previously created with Pythia. The (anti-)charm quarks propagate along straight lines without interacting with any particle until the onset of the hydrodynamical phase, i.e. after the two nuclei have completely passed through each other at t = (2R nucl )/( γ 2 CM − 1) 3.5 fm. The timestep for the Langevin propagation is dt Langevin = 0.01 dt hydro for each hydro timestep. We have checked that this accuracy is sufficient to obtain stable results. At each Langevin iteration step we use the values of the fluid temperature T and fluid velocity components v i to perform a bilinear interpolation of the transport coefficients (which depend on the momentum p and the temperature T ). The finite baryon chemical potential is taken into account by multiplying the drag and diffusion coefficients of the charm quarks by a fugacity factor e μ q /T forc quarks e −μ q /T for c quarks (μ q = μ B /3). For the D mesons we use In our model, we assume that the medium affects the propagation of the heavy quarks, but the medium itself is not affected by the heavy quarks that we inject. There is also no interaction between the injected charm quarks. This approximation allows us to use a large number of charm quarks per event, thus reducing considerably the number of events needed to reach a sufficient statistics.
We assume to have instantaneous hadronization and decoupling processes which happen at the same temperature e. thermal smearing is omitted. The probability of hadronization by coalescence, P coa [77] , in terms of the four momentum components p μ of the light quarks is given by:
Here the p are the differences between the four-momentum components of the heavy and the light quark,
and r 2
D (rms)
is the mean squared radius of the D-meson.
In case of coalescence, the four-momentum of the newly formed D(D)-meson is given by the sum of the four-momenta of the constituent quarks, while, in case of Peterson fragmentation, the D(D)-meson obtains a fraction of momentum of the charm quark according to the distribution [78] :
Here H is a normalization constant, z the momentum fraction obtained in the fragmentation and p a parameter. Peterson fragmentation is the only process allowed for heavy quarks hadronizing in the void, a condition that may occur in the coarse graining approach. On average, roughly 80% of the times the hadronization channel is Peterson fragmentation, more than it is commonly expected at low collision energies, especially if we consider that in Eq. (28) we removed the dependence on the spatial distance between the heavy and the light quark in the probability distribution, which is present, for example, in the original Ref. [77] or in Ref. [17] . At the moment, we do not have a clear explanation for this issue.
In the case of the charm quarks originating from D mesons entering into cells with T > T c , we maintain the four-velocity. We evolve the UrQMD hydro simulations until the energy density over the grid is below 0.3ε 0 (ε 0 = 146.5 MeV/fm 3 ), then, using the phase-space data (position and velocities) of the charm quarks at the beginning of the hydro phase, we repeat each series using the coarse-graining approach. We maintain the same time step for the Langevin propagation process that we use in hydro, i.e. 8 · 10 −4 fm, so, since the time resolution of the coarse graining data is 0.2 fm for reactions with impact parameter b = 3 fm and 0.4 fm for reactions with impact parameter b = 3 fm, we perform 250 and 500 iterations per coarse-graining time step, respectively. As before for the hydro case, we check that the choice of the time step has no effect on the final results. We start the simulations in the coarse-graining approach from 3.6 fm, propagating again the charm quarks along straight lines from the hydro starting time until this time. The method is the same as in the hydrid approach. However, in addition we can now follow the bulk evolution of the system until t = 75 fm. To avoid spurious effects in the coarse-graining simulations due to a few cells with low statistics and therefore unrealistic momentum transfers, we limit the fugacity factors to lie in the range [0.01-100], after a comparison with the hydro case. The D mesons decay weakly into non charmed hadrons before reaching the detectors, however they are relatively long-lived, with proper mean decay lengths of order 100 µm [79] , therefore their decay products are not affected by hadronic rescattering and the decay vertices can be accurately reconstructed. This is the reason why we did not consider important to simulate also their decay into directly observed hadrons. However, probably we will reconsider open heavy flavor meson decays in future studies, when including also excited states [80] , or when working at higher collision energies and interested in distinguishing the prompt D mesons signal from the feed-down of heavier particles. For each combination of the parameters, we run 2000 events.
Results
We simulate Au+Au reactions at E lab = 25 AGeV at fixed impact parameters b = 3 fm and b = 7 fm. The simulations are performed both for the hybrid set-up and the coarsegraining approach. The elliptic flow at mid-rapidity is calculated in the reaction plane as:
where E, p x , p y and p z are the four-momentum com-
is the rapidity and the averages are made over all charm particles produced in all the events of a series at a given impact parameter.
Dependence on the hadronization temperature
To explore the sensitivity of the D/D elliptic flow and momentum distribution on the lifetime of the partonic phase, we evaluate the effect of three different hadronization temperatures: 160 MeV, 145 MeV and 130 MeV. In all cases we perform the Langevin propagation until the local temperature of the computational cell is above 60 MeV. In Eq. (28), which gives the probability to hadronize by coalescence, we set r D rms = 0.6 fm, while in the fragmentation function (Eq. 29) we set p = 0.05. Figures 10 and 11 show the transverse momentum distribution for the final D/D mesons in the UrQMD/hybrid model and in the UrQMD/coarse-graining approach, respectively, while Figs. 12 and 13 show their rapidity distributions. Figures 14 and 15 showR A A , i.e.
, where the distribution in pp is taken from (Fig. 9, left) . In particular, conservation, which limits the maximum p T available in pp reactions to p max
GeV. Therefore, we expect and observe this in the R A A as a strong increase.
To explore more in depth the uncertainties of the initial state, Figs. 16 and 17 show the sameR A A distributions as before, however now with a different pp baseline. Instead of D-mesons from Pythia, we extract the charm quarks from Pythia in pp and hadronize them according to the Peterson fragmentation. As in the previous case, we observe a good consistency between the results coming from the UrQMD/hydro and the UrQMD/coarse-graining models. However, although essential features like the rise ofR A A at "high" p T do not change when switching between the pp baselines, from a quantitative perspective there are noticeable differences. In particular, in Figs. 16 and 17 we miss the strong distinction between theR A A of particles and antiparticles visible in Figs. 14 and 15, due to the internal Pythia non-perturbative machinery and the inclusion of additional hadronization channels, already mentioned at the beginning of Sect. 5, which introduces a sharp difference in the spectra of D andD mesons, clearly shown in Fig. 9 . On the other hand, it is well known that Pythia focuses on high-energy collisions and results at low energies obtained with non-tuned default program parameters should be taken with care. Anyway, the differences in theR A A depending on the chosen pp baseline suggest that Peterson fragmentation might tend to overlook important details of the hadronization process and they call for the development and/or the adoption of more sophisticated models. Regarding the normalized momentum distribution with respect to the rapidity, again we observe a good agreement between the UrQMD/hybrid model (Fig. 12 ) and the UrQMD/coarse-graining approach (Fig. 13) . In both cases, for more central collisions we can observe a slightly more evident distinction between particles and anti-particles, in particular for lower hadronization temperature, associated with a small broadening of the distributions. These small effects are consistent with the expected larger interaction with the medium for b = 3 fm. The results for the elliptic flow with respect to the transverse momentum are shown in Fig. 18 , in the case of the UrQMD/hybrid model, and in Fig. 19 , in the case of the UrQMD/coarse-graining approach. In all cases we observe that the elliptic flow ofD is larger than the elliptic flow of D.
As expected this is because of the fugacity factor which, in the partonic phase, enhances the transport coefficients forD and suppresses the transport coefficients for D. We also observe that the elliptic flow is higher for lower hadronization temperatures. With a larger time spent in the partonic phase, the larger magnitude of the transport coefficients in this phase compared to the hadronic phase leads to a stronger elliptic flow. By comparing b = 3 fm and the b = 7 fm collisions in Figs. 18 and 19 we notice that the v 2 for collisions having an impact parameter b = 7 fm is larger than the v 2 for collisions with b = 3 fm. This behavior is consistent with the more anisotropic initial energy density spatial distribution in more peripheral collisions. By comparing Fig. 18 with Fig. 19 , we observe that the v 2 in the case of the UrQMD/hybrid approach is larger than the v 2 in the case of the UrQMD/coarsegraining approach, showing the effects of the different viscosities in the two different modelings of the medium. In the UrQMD/coarse-graining approach the enhancement of the elliptic flow when switching from b = 3 fm to b = 7 fm is weaker than in the UrQMD/hybrid approach. This also indicates that partial thermalization might play a role. Figures 20 and 21 show the dependence of the elliptic flow with respect to the rapidity. We observe that theD mesons have a significantly larger elliptic flow than the D mesons only in the central rapidity region and for lower hadronization temperatures, in particular for peripheral collisions. Moreover, as a general trend, v 2 exhibits a minimum for y = 0, nevertheless in the UrQMD/coarse-graining case the growth of v 2 moving away from the central rapidity region becomes important only for |y| 0.5.
The influence of the late hadronic phase
We recall that the final times in hybrid and coarse-graining approach are different: the condition to stop hydrodynamics (at maximum energy density of 0.3ε 0 ≈ 44 MeV/fm 3 ) is reached at ≈ 22 fm for b = 3 fm collisions and at ≈ 19 fm for b = 7 fm collisions, while the coarse-graining approach ends at 75 fm. It is important to stress that, since the We observe that most of the flow is built during the partonic phase, a behavior consistent with the larger values of the transport coefficients at high temperatures. In addition, the difference in the magnitude of the flow between the hydro and the coarse-graining approach is clearly visible even at this stage. This implies that the use of the UrQMD/hybrid model down to temperatures at the limits of QGP existence is not the main responsible of the larger elliptic flow obtained in this model compared to the UrQMD/coarse-graining approach. Therefore, the suspect of an overestimation of v 2 due to a misuse of hydrodynamics is strongly reduced. Finally, in all cases, the elliptic flow grows with increasing values of p and it is larger for smaller values of the D meson radius. It is clear that the details of the hadronization process have a very large impact on the final results, therefore special attention must be paid to a proper treatment of this step in future works. To begin, the probability distribution in Eq. (28) seems to overestimate of the probability to hadronization by fragmentation with the current choice of the D meson radius, which might lead to wrong results, in particular when taking into account the formation of resonances with larger radii, especially if the dependence on the mutual spatial distance between the light and the heavy quark was also included [17, 77] . Apart for an extensive and deep rechecking of the whole procedure and its implementation in the code to better understand the origin of the apparently small percentage of hadronization by coalescence, we might replace Eq. (28) with a tabulated probability distribution obtained from full transport model simulations. Another possibility might be the adoption of a probability distribution which depends on the module of the relative velocity |v r | between the heavy quark and the fluid cell, i.e. something like f (|v r |) = exp(−|v r |/α), with α determined by a fit with the elliptic flow measured in experiments at comparable collision energies. In addition, to be consistent with the assumptions made for the computation of the drag and diffusion coefficients in the partonic phase, we should go beyond the naive assumption of instantaneous hadronization and decoupling processes by introducing some probability function depending not only on temperature and chemical potential, but also explicitly on time. Indeed, the survival of D mesons in the Quark Gluon Plasma might lead to a reduction of the predicted elliptic flow. Then, we should consider the probable formation of intermediate excited states and we should try to constrain the estimates of the D meson radius, possibly making it also temperature dependent [81] . Moreover, we should try to improve the fragmentation process either by constraining the Peterson fragmentation parameter [82] or by adopting other fragmentation models [83] , which in some cases have shown a better capability to reproduce the features of experimental data [84] . Further refinements might include medium modified [85] and unfavored [86] the low collision energy regime based on robust experimental data. Regarding the coalescence mechanism, the method itself is quite standard and the flow contribution to the final momentum of the open heavy meson is derived from the reliable UrQMD model, therefore the uncertainties are somehow reduced compared to the fragmentation mechanism. Nevertheless, although in this study we did not explore the consequences of different assumptions, the results depend on the estimates of the masses of the constituent quarks, which indirectly enter also in Eq. (28), therefore, even in this case, different educated choices of the parameters might alter the current predictions.
Discussions and conclusion
In this paper we have presented results on D andD meson spectra and elliptic flow for Au+Au reactions at E lab = 25 AGeV. These calculations are relevant for the upcoming FAIR and NICA facilities and for the RHIC BES program. We have used Pythia [75, 76] to obtain a sample of correlated charm and anti-charm quarks, then we let the charm quarks propagate in the medium produced by heavy ion collisions, both in the partonic and in the hadronic phase, adopting a Langevin approach. In particular, we have studied Au+Au collisions at two different centralities, b = 3 fm and b = 7 fm. The background medium is modeled either with the UrQMD hybrid model or with the UrQMD coarse graining approach. The effect of the finite baryon chemical potential is taken into account in the evaluation of the transport coefficients. The effect of different hadronization parameters is explored. We have shown that even at low collision energies the interaction with the medium produces a sizeable final D meson elliptic flow, which is larger for more peripheral collisions. A lower decoupling temperature leads to an increase of the elliptic flow. This implies that the interaction with the medium is stronger during the partonic than during the hadronic phase. This hypothesis is also confirmed by the magnitude of the elliptic flow of charm quarks immediately before hadronization. The impact of the later hadronic phase is shown to play a minor role. One should note that the results are very sensitive to the details of the hadronization mechanism, i.e. on the probability to hadronize through coalescence or through Peterson fragmentation and to the choice of the parameters in each hadronization channel. Our study confirms that even at low collision energies the charm quarks can be an invaluable tool to probe the properties of the QCD-medium. Nevertheless, there are shortcomings in the present approach: (I) we rely on Pythia with default SoftQCD mode settings to produce the initial charm-quark momentum distribution in p-p collisions, but maybe a fine tuning of the settings might produce noticeable differences. Unfortunately, common models and tools like FONLL [87] [88] [89] [90] or HERWIG [91] , strongly based on pQCD, are not very reliable in this low-energy range. (II) In the FAIR-energy regime, we miss one of the main advantages of studying heavy flavors, i.e. precise pQCD based predictions of the charm-quark initial states, mentioned also in the introduction. D 0 mesons, however, in a more comprehensive study, excited states and strange D mesons should be included as well.
To conclude, the work that we just presented provides useful indications about the direction in which further and more refined studies should focus. Despite their low production rate, the study of the elliptic flow of charmed mesons carries a wealth of information about the QGP and the QCD also in the FAIR energy range.
